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ABSTRACT
We perform a joint analysis of the abundance, the clustering and the galaxy-galaxy lensing signal of galaxies
measured from Data Release 11 of the Sloan Digital Sky Survey III Baryon Oscillation Spectroscopic Survey
(SDSS III-BOSS) in our companion paper, Miyatake et al. (2014). The lensing signal was obtained by using
the shape catalog of background galaxies from the Canada France Hawaii Telescope Legacy Survey, which was
made publicly available by the CFHTLenS collaboration, with an area overlap of about 105 deg2. We analyse
the data in the framework of the halo model in order to fit halo occupation parameters and cosmological
parameters (Ωm and σ8) to these observables simultaneously, and thus break the degeneracy between galaxy
bias and cosmology. Adopting a flat ΛCDM cosmology with priors on Ωbh2, ns and h from the analysis of
WMAP 9-year data, we obtain constraints on the stellar mass-halo mass relation of galaxies in our sample.
Marginalizing over the halo occupation distribution parameters and a number of other nuisance parameters
in our model, we obtain Ωm = 0.310+0.019−0.020 and σ8 = 0.785
+0.044
−0.044 (68% confidence). We demonstrate the
robustness of our results with respect to sample selection and a variety of systematics such as the halo off-
centering effect and possible incompleteness in our sample. Our constraints are consistent, complementary
and competitive with those obtained using other independent probes of these cosmological parameters. The
cosmological analysis is the first of its kind to be performed at a redshift as high as 0.53.
Subject headings: cosmology: theory - cosmology: observations - large-scale structure of universe - gravita-
tional lensing: weak - cosmology: cosmological parameters
1. INTRODUCTION
The overwhelming majority of the energy density of the
Universe today is dominated by two mysterious components
– dark energy and cold dark matter – both motivated by as-
trophysical observations (see e.g, Ostriker et al. 1974; Rubin
et al. 1978; Riess et al. 1998; Perlmutter et al. 1999; Hinshaw
et al. 2013; Planck Collaboration et al. 2013a). Since their
discovery, the field of observational cosmology has focused
on characterizing the precise abundance, the statistical distri-
bution and the phenomenological behaviour of these compo-
nents. Geometrical probes such as the observations of type-
Ia supernovae (see e.g., Lampeitl et al. 2010; Sullivan et al.
2011; Suzuki et al. 2012) and the baryonic acoustic oscillation
measurements (see e.g., Eisenstein et al. 2005; Percival et al.
2007a; Blake et al. 2011a; Anderson et al. 2014) have pro-
vided constraints on the energy density of various components
in the Universe as a function of redshift, but are insensitive to
the statistical properties of the dark matter distribution. Prob-
ing the latter requires constraints on the growth of structure in
the Universe, which can be provided by measurements of the
abundance of galaxy clusters (see e.g., Vikhlinin et al. 2009;
Mantz et al. 2010; Rozo et al. 2010; Benson et al. 2013; Has-
selfield et al. 2013; Planck Collaboration et al. 2013c), red-
shift space distortions (see e.g., Percival et al. 2004; Beutler
et al. 2012; Reid et al. 2014) and the statistics of weak gravi-
tational lensing as a function of redshift (see e.g., Van Waer-
beke et al. 2000; Lin et al. 2012; Huff et al. 2014; Heymans
et al. 2013; Mandelbaum et al. 2013). Over the next decade, a
combination of these probes will enable a phenomenological
understanding of the nature of dark energy and dark matter as
well as stringent constraints on modifications to gravity (see
e.g., Albrecht et al. 2006).
The growth of structure in the Universe is driven by the
growth of fluctuations in dark matter, which are easier to de-
scribe analytically on large scales (Bernardeau et al. 2002) or
via collisionless numerical simulations on small scales (Davis
et al. 1985) than the variety of astrophysical processes that
baryons undergo in order to form galaxies (see e.g., Springel
et al. 2005; Rudd et al. 2008; Vogelsberger et al. 2014). Ob-
servationally, however, it is easier to use galaxies to trace out
the underlying structure in matter. Since galaxies form within
halos, at the peaks of the matter density field, using galaxies
as tracers produces a biased view of the matter distribution
(Kaiser 1984). The bias of halos with respect to the matter
distribution and its dependence on halo mass can be fortu-
nately predicted given the cosmological parameters within the
framework of the standard concordance cosmological model
(Bardeen et al. 1986; Mo & White 1996a; Sheth & Tormen
1999; Sheth et al. 2001; Tinker et al. 2010).
On large scales the bias of halos and the galaxies that re-
side in them approaches a constant value. On such scales the
shape of the matter two-point function (the power spectrum
or the correlation function) can be inferred from the observed
galaxy two-point function, and used to constrain cosmological
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parameters (Tegmark et al. 2004; Percival et al. 2007b; Reid
et al. 2010; Saito et al. 2011). However, in the case of the
galaxy two-point function, the amplitude of the matter power
spectrum, which is essential to study the growth of structure,
is entirely degenerate with the value of the bias. The determi-
nation of galaxy bias can be complicated as it is known to de-
pend upon the properties of galaxies such as their luminosity
and colour (Norberg et al. 2001; Tegmark et al. 2004; Zehavi
et al. 2011; Guo et al. 2013), and is quite scale dependent on
small scales (Fry & Gaztanaga 1993; Mann et al. 1998; Cac-
ciato et al. 2012). Nevertheless, this degeneracy between the
large scale bias and the amplitude of the matter power spec-
trum can be broken if there is a way to infer the connection
between galaxies and their halo masses (Seljak et al. 2005).
There are a number of different approaches to directly infer
the galaxy-dark matter connection. Many different observ-
ables can be used to probe this connection, including galactic
rotation curves (Rubin 1983), kinematics of satellite galaxies
(Zaritsky et al. 1997; van den Bosch et al. 2004; More et al.
2009b, 2011), small scale redshift space distortions (Hikage
et al. 2013; Li et al. 2012), X-ray emission from the hot intra-
cluster medium (see reviews by Kravtsov & Borgani 2012;
Ettori et al. 2013). However, these methods assume that the
system is in dynamical equilibrium, an assumption that is cer-
tainly violated in some systems. Weak gravitational lensing
provides a way to circumvent this assumption and can be used
as a relatively clean probe of the halo masses. In combina-
tion with weak lensing, the information encapsulated in the
shape and amplitude of the clustering signal can be fully ex-
ploited (Seljak et al. 2005; Cacciato et al. 2009; Mandelbaum
et al. 2013; Hikage et al. 2013; Cacciato et al. 2013a; More
et al. 2013; Reid et al. 2014). This combination can provide
simultaneous constraints on the connection between galaxies
and dark matter and the cosmological parameters. Cosmolog-
ical constraints from such studies obtained at different cosmic
epochs can then be used to constrain the equation of state of
dark energy.
In Miyatake et al. (2013, Paper I hereafter), we measure
the large scale clustering of galaxies in the Sloan Digital Sky
Survey III (SDSS-III hereafter) Baryon Oscillation Spectro-
scopic Survey (BOSS hereafter). In particular, we employ
the CMASS galaxy sample from BOSS as our parent sam-
ple. We use the deep but limited area imaging data from the
Canada France Hawaii Telescope Legacy Survey (CFHTLS
hereafter), to measure the weak gravitational lensing signal
around galaxies from BOSS to calibrate the masses of the ha-
los in which they reside. In this paper, we model these obser-
vations simultaneously in the framework of the halo model.
We will obtain joint constraints on the astrophysical proper-
ties of galaxies in our sample such as their halo occupation
distribution, limiting constraints on their stellar masses, and
the density profile of dark matter halos in which they reside,
as well as cosmological constraints on the matter density pa-
rameter Ωm and the amplitude of density fluctuations charac-
terized by the parameter σ8.
This paper is organized as follows. In Section 2, we in-
troduce the data products used to perform our analysis and
briefly describe the measurements of the galaxy clustering and
the galaxy-galaxy lensing signal. In Section 3, we present the
theoretical background for how these measurements can con-
strain cosmological parameters and the analytical halo occu-
pation distribution model we use to interpret the data. The re-
sults of our main analysis and a variety of systematics tests are
presented in Section 4. We conclude in Section 5 with a sum-
mary of our results and discuss the outlook for ongoing and
future surveys. We will assume a flat ΛCDM cosmology with
Ωm = 0.27 when converting redshifts to distances for per-
forming the clustering and lensing measurements. Through-
out this paper, log denotes the 10−based logarithm of a quan-
tity, the symbols h and h70 denote the Hubble constant, H0
normalized by 100 km s−1 Mpc−1 and 70 km s−1 Mpc−1, re-
spectively.
2. DATA AND MEASUREMENTS
We use the sample of galaxies compiled in Data Release 11
(DR11) of the SDSS-III project. The SDSS-III is a spectro-
scopic investigation of galaxies and quasars selected from the
imaging data obtained by the SDSS (York et al. 2000) I/II cov-
ering about 11, 000 deg2 (Abazajian et al. 2009) using the ded-
icated 2.5-m SDSS Telescope (Gunn et al. 2006). The imag-
ing employed a drift-scan mosaic CCD camera (Gunn et al.
1998) with five photometric bands (u, g, r, i and z) (Fukugita
et al. 1996; Smith et al. 2002; Doi et al. 2010). The SDSS-
III (Eisenstein et al. 2011) BOSS project (Ahn et al. 2012;
Dawson et al. 2013) obtained additional imaging data of about
3,000 deg2 (Aihara et al. 2011). The imaging data was pro-
cessed by a series of pipelines (Lupton et al. 2001; Pier et al.
2003; Padmanabhan et al. 2008) and corrected for Galactic
extinction (Schlegel et al. 1998) to obtain a reliable photo-
metric catalog. This catalog was used as an input to select tar-
gets for spectroscopy (Dawson et al. 2013) for conducting the
BOSS survey (Ahn et al. 2012) with the SDSS spectrographs
(Smee et al. 2013). Targets are assigned to tiles of diameter 3◦
using an adaptive tiling algorithm designed to maximize the
number of targets that can be successfully observed (Blanton
et al. 2003). The resulting data were processed by an auto-
mated pipeline which performs spectral classification, redshift
determination, and various parameter measurements, e.g., the
stellar mass measurements from a number of different stellar
population synthesis codes which utilize the photometry and
redshifts of the individual galaxies (Bolton et al. 2012). The
galaxy samples in BOSS have been divided into a low redshift
LOWZ sample, and a high redshift CMASS galaxy sample. In
addition to the galaxies targetted by the BOSS project, we also
use galaxies which pass the target selection but have already
been observed as part of the SDSS-I/II project (legacy galax-
ies). These legacy galaxies are subsampled in each sector so
that they obey the same completeness as that of the CMASS
sample (Anderson et al. 2014). In addition to the above stan-
dard reductions, we have also obtained stellar masses for fiber
collided galaxies1 and galaxies with redshift failures using
their own photometry but assuming that their redshift is iden-
tical to the nearest neighbours 2.
In order to define subsamples of galaxies we use stellar
masses for galaxies obtained using the Portsmouth stellar pop-
ulation synthesis code (Maraston et al. 2013) with the as-
sumptions of a passively evolving stellar population synthesis
model and a Kroupa (2001) initial mass function. In Paper I,
we divided the parent sample of CMASS galaxies into sub-
samples in the stellar mass-redshift plane. The three subsam-
ples A, B and C that we use in our analysis all lie in the red-
shift range z ∈ [0.47, 0.59] and include galaxies in the stellar
1 Galaxies which are part of target sample but could not be allocated a fiber
due to crowding of target galaxies in dense regions.
2 Nearest neighbour corrections have been shown to accurately correct for
fiber collisions above the fiber collision scale (∼ 0.4 h−1Mpc) by Guo et al.
(2012)
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mass range log M∗ ∈ [11.10, 12.00], log M∗ ∈ [11.30, 12.00]
and log M∗ ∈ [11.40, 12.00], respectively. We will denote
subsample A to be fiducial, and test the sensitivity of our cos-
mological constraints to possible incompleteness using the
rest of the subsamples. The number of galaxies in subsam-
ples A, B and C are 400, 916, 196, 578 and 116, 682 corre-
sponding to number densities of 3 × 10−4, 1.5 × 10−4 and
0.8 × 10−4 h3 Mpc−3, respectively. These numbers include
galaxies that were fiber collided and/or had failures in red-
shift measurements. The number density of galaxies in each
of the samples shows much less variation (less than ∼ 20% in
the redshift range under consideration) with redshift than the
parent sample (see Figure 1 in Paper I).
For the measurements of the galaxy-galaxy lensing signal
around the subsamples of CMASS galaxies, we must mea-
sure the tangential distortion of background galaxies. For this
purpose, we rely on the deeper and better quality imaging
data from the Canada France Hawaii Telescope Legacy survey
(CFHTLS). This information allows us to measure the tan-
gential distortion of background galaxies around our sample
of CMASS galaxies. In particular we make use of the photo-
metric reduction and image shape determinations in the pub-
licly available CFHTLenS catalog3. The quantities needed
for each galaxy, namely its shear estimate, calibration factors,
weight, and photometric redshift are provided in the catalog
(Heymans et al. 2012; Erben et al. 2013; Miller et al. 2013;
Hildebrandt et al. 2012). Unfortunately, the overlap between
the CFHTLS and the DR11 BOSS fields is limited to an area
of about 105 deg2. The number of CMASS galaxies that lie
within the CFHTLS footprint is 5, 084 for our fiducial sub-
sample A, 2, 549 from subsample B and 1, 577 for subsample
C , respectively.
In Paper I, we presented measurements of the projected
clustering of galaxies, wp(rp) for a number of different sub-
samples of galaxies. At fixed redshift, we detected a clear
dependence of the clustering signal on the stellar mass of
galaxies. Higher stellar mass galaxies are more clustered than
lower stellar mass galaxies. However, we also observed that
the clustering of galaxies of fixed stellar mass does not vary
significantly with redshift, in particular within the range of
redshifts for the 3 subsamples considered in this paper. In
Paper I, we also measured the galaxy-galaxy lensing signal
around each of our subsamples. We also found the strength of
the lensing signal to be larger for higher stellar mass threshold
samples, consistent with the expectation that these galaxies
reside in higher mass halos. In the next section we develop
a simple picture which shows how the joint measurements of
clustering and lensing of galaxies can be used to constrain
cosmological parameters, as well as present the details of the
analytical model we use in order to fit a parametric model to
these measurements.
3. THEORY
Structure formation in the concordance ΛCDM cosmolog-
ical model occurs as a result of the gravitational collapse of
initial density fluctuations into extended halos of dark mat-
ter. The abundance of halos in different cosmological models
has a universal form when expressed as a function of peak
height, ν = δc/σ, where δc is the critical threshold for col-
lapse, σ(M, z) is the variance of density fluctuations smoothed
on spatial scales corresponding to the comoving radius from
which the halo mass M assembled (e.g., Mo & White 1996b;
3 http://www.cfhtlens.org/astronomers/data-store
Sheth & Tormen 1999). These halos form preferentially at
the peaks of the matter density field and hence are biased with
respect to the matter distribution. The halo bias can also be
expressed as a function of the peak height. Galaxies share the
bias of the halos in which they reside. The overall clustering
amplitude at sufficiently large separation is determined by the
products of this bias (b), the amplitude of the linear matter
fluctuations (σ8) and the growth rate of fluctuations at a given
redshift (D(z)); wp(rp) ∝ [bσ8D(z)]2.
Figure 1 displays the dependence of the clustering ampli-
tude of halos as a function of their mass on cosmological pa-
rameters at z = 0.53, the average redshift of our sample.4 In
the left hand panel, σ8 is fixed while the matter density, Ωm, is
varied for flat ΛCDM cosmological models. In the right hand
panel, Ωm is fixed while σ8 is varied. Increasing both Ωm and
σ8 results in a decrease of the clustering amplitude at fixed
halo mass. The measurement of the clustering amplitude of
galaxies fixes the clustering amplitude of halos in which they
reside. However, one can obtain similar clustering amplitudes
in different cosmological models by changing the halos in
which galaxies reside. This behavior is the classical degener-
acy between halo occupation distribution parameters and the
cosmological parameters; one can obtain the same clustering
amplitude for galaxies by having them reside in larger mass
halos in cosmologies with larger Ωm or σ8. The weak lensing
signal on small scales breaks this degeneracy by direct infer-
ence of the mass of the halos, thus allowing a determination
of cosmological parameters. Given the errors in determina-
tion of the clustering amplitude and the halo mass, we expect
degeneracy in the determination of Ωm and σ8 such that in-
creasing the value of one can be compensated by decreasing
the value of the other.
The above qualitative picture is valid if galaxies occupy a
narrow range of halo masses. In reality, in our stellar mass
threshold samples, galaxies span a range in halo masses. In
addition, although most galaxies are central galaxies in their
halos, some of those in our subsample are satellite galaxies.
The average clustering amplitude, Agal, is related to the bias of
halos through an integral over the halo occupation distribution
of the galaxies in our subsample,
〈A〉gal =σ8D(z)beff
=σ8D(z)
∫
dM〈N〉Mb(M, z)n(M, z)∫
dM〈N〉Mn(M, z)
, (1)
where the ratio of the integrals is the effective bias (beff) of
the galaxy sample. Similarly, the average mass of halos as de-
termined from the weak lensing signal needs to appropriately
account for the halo occupation distribution of the galaxies.
3.1. Analytical HOD model
We use a halo occupation distribution model (hereafter
HOD; Jing et al. 1998; Peacock & Smith 2000; Seljak 2000a;
Scoccimarro et al. 2001; Zheng et al. 2005; Leauthaud et al.
2012; van den Bosch et al. 2013; Cacciato et al. 2013a,b), to
predict the abundance, the clustering and the lensing signal of
CMASS galaxies. We adopt an HOD model with an explicit
split of the halo occupation into central and satellite galaxies
(see Figure 2),
〈N〉M = 〈Nc〉M + 〈Ns〉M (2)
4 We have used the large scale bias calibrated by Tinker et al. (2010) for
this purpose.
4 More et al.
1012 1013 1014
M200b (h
−1M¯)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
b
[σ
8
/
0
.8
]
[D
(z
)/
0
.7
6
]
Clustering amplitude
W
ea
k
le
n
si
n
g
Ωm : 0.25 σ8 : 0.80
Ωm : 0.30 σ8 : 0.80
Ωm : 0.35 σ8 : 0.80
1012 1013 1014
M200b (h
−1M¯)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
b
[σ
8
/
0
.8
]
[D
(z
)/
0
.7
6
]
Clustering amplitude
W
ea
k
le
n
si
n
g
Ωm : 0.30 σ8 : 0.75
Ωm : 0.30 σ8 : 0.80
Ωm : 0.30 σ8 : 0.85
Figure 1. Theoretical predictions of the amplitude of the galaxy clustering signal on large scales as a function of the halo mass of these galaxies in different
cosmological models at z = 0.53. The left hand panel shows how the clustering amplitude varies when Ωm is increased, while the right hand panel shows the
corresponding change when σ8 is increased. Measurements of the clustering of galaxies and the galaxy-galaxy lensing signal determine the ordinate and the
abscissa, respectively, thus allowing constraints on these cosmological parameters.
1012 1013 1014 1015
M (h−1M¯)
10−1
100
101
〈N
〉 M
〈Nc〉trueM
〈Ns〉trueM
finc(M) ∈ [0, 1]
〈Nc〉incM
〈Ns〉incM
Figure 2. An illustration of the halo occupation distribution model we use
in the analysis of this paper. The red and blue dot-dashed lines show the
central and satellite components of the HOD appropriate for a true stellar
mass threshold sample. The green dotted line shows the log-linear functional
form we assume for parametrizing the incompleteness in our subsample. The
solid red, blue and black lines show the HOD of centrals, satellites and all
galaxies after accounting for the incompleteness. In total our HOD model is
parametrized by 7 parameters.
The mean halo occupation distribution for central galaxies is
given by
〈Nc〉M = finc(M)12
[
1 + erf
(
log M − log Mmin
σlog M
)]
, (3)
and that for satellite galaxies is given by
〈Ns〉M = 〈Nc〉M
[
M − κMmin
M1
]α
(4)
when M > κMmin and zero otherwise (see e.g., Zheng et al.
2005; White et al. 2011). The function finc(M) accounts for
potential incompleteness in the selection of CMASS galaxies
at the low stellar mass end (see e.g., More et al. 2011; Red-
dick et al. 2013) when compared to a true stellar mass thresh-
old sample. We assume a log-linear functional form for the
incompleteness function such that
finc(M) = max[0,min[1, 1 + αinc(log M − log Minc)]] (5)
This model explicitly assumes that the CMASS selection se-
lects a random fraction of the stellar mass threshold galaxies,
given by finc, from host halos at every mass scale, equiva-
lently, it assumes that with the CMASS color and magnitude
cuts, the selection probability for galaxies at a given stellar
mass do not depend on the environment or other properties.
We follow the analytical framework developed in van den
Bosch et al. (2013) (with a minor extension to account for the
miscentering of central galaxies with respect to their halo cen-
ters), to predict the galaxy-galaxy clustering and the galaxy-
galaxy lensing signal, using the halo occupation distribution
described above. We briefly present the key expressions be-
low for completeness.
The galaxy-galaxy power spectrum, Pgg(k, z), is the Fourier
transform of the galaxy correlation function, ξ(r, z) and can be
expressed as a sum of the following one- and two-halo terms,
Pgg(k, z) = 2 P1hcs (k, z) + P
1h
ss (k, z)
+P2hcc (k, z) + 2 P
2h
cs (k, z) + P
2h
ss (k, z) . (6)
Here the subscripts “c” and “s” stand for central and satellite
galaxy, respectively. Each of these terms can be expressed in
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the following compact form
P1hxy(k, z) =
∫
dMHx(k,M, z)Hy(k,M, z) n(M, z), (7)
P2hxy(k, z) =
∫
dM1Hx(k,M1, z) n(M1, z)
×
∫
dM2Hy(k,M2, z) n(M2, z)Q(k|M1,M2, z) , (8)
where ‘x’ and ‘y’ are either ‘c’ (for central) or ‘s’ (for satel-
lite), n(M, z) describes the halo mass function at redshift
z, Q(k|M1,M2, z) describes the power-spectrum of haloes of
masses M1 and M2 and accounts for the radial dependence of
bias, non-linearities in the matter power spectrum and halo ex-
clusion, ingredients that can be calibrated by numerical sim-
ulations (see, e.g., van den Bosch et al. 2013). Furthermore,
we have defined
Hc(k,M, z) = 〈Nc〉Mn¯g(z)
(
1 − poff + poff exp
[
−1
2
k2(rsRoff)2
])
,
(9)
and
Hs(k,M, z) = 〈Ns〉Mn¯g(z) u˜s(k|M, z) . (10)
Here, we have assumed that there is a fraction poff of central
galaxies that are offset from the center of their halos (see e.g.,
Skibba et al. 2011) and that the normalized radial profile of
the off-centered galaxies, with respect to the true halo center,
is a Gaussian with width relative to the scale radius, rs, of the
halo in which they reside,
uoff(r|M) = 1(2pi)3/2(rsRoff)3 exp
−12
(
r
rsRoff
)2 . (11)
The Fourier transform of uoff(r|M) is exp[−k2(rsRoff)2/2], and
the quantity u˜s(k|M) in Hs(k,M, z) is the Fourier transform
of an Navarro-Frenk-White (Navarro et al. 1996, hereafter
NFW) profile for a halo of mass M (see also Hikage et al.
2013, for a similar model). We also assume that the normal-
ized number density profile of satellite galaxies follows the
NFW profile5. The number density of galaxies, n¯g(z), is given
by
n¯g(z) =
∫
〈N〉Mn(M, z)dM (12)
We will assume a ∼20 percent fractional error on the abun-
dances, since our stellar mass cuts yield a roughly constant
abundance with redshift, with ∼ 20 percent level fluctuations.
In the presence of parameters to model the incompleteness we
do not expect the abundances to influence the cosmological
constraints in a significant manner.
The real-space correlation function, ξgg(r, z), can be ob-
tained by an inverse Fourier transform of the galaxy-galaxy
power spectrum 6. We use a modified version of the large
5 We have examined models which allow the satellite galaxies to have a
concentration which is different from that of the dark matter distribution. The
clustering signal on small scales is sensitive to this parameter. We model the
clustering signal on scales larger than rp > 0.85 h−1Mpc where the impact of
this parameter is minimal. We have verified that the cosmological constraints
are robust to the inclusion or exclusion of such a parameter.
6 We integrate over all k while carrying out the Fourier transform, but
assume a single redshift for the calculation.
scale redshift space distortion model presented by Kaiser
(1987) to predict ξzgg(rp, pi, z) from ξgg(r, z) (see van den Bosch
et al. 2013, for details), and integrate along the line-of-sight,
wp(rp) = 2
∫ pimax
0
ξ(rp, pi) dpi . (13)
to calculate the projected correlation function. This modified
model accounts for residual redshift space distortions on large
scales due to finite value of pimax (see e.g., Norberg et al. 2009;
Baldauf et al. 2010; More 2011; van den Bosch et al. 2013).
The upper limit for the line-of-sight integration we adopt is
pimax = 100 h−1Mpc, thus mimicking the integration limit
adopted in the measurements in Paper I for the subsamples
of galaxies we use.
The galaxy-galaxy lensing signal is a probe of the excess
surface density,
∆Σ(rp) = 〈Σ(< rp)〉 − Σ¯(rp) (14)
The surface density Σ(rp, z) can be obtained by projecting the
galaxy-matter correlation function, ξgm(r, z), using
Σ(rp, z) =
∫ ∞
R
ρ¯ [1 + ξgm(r, z)]
2 r dr√
r2 − r2p
. (15)
In order to predict the galaxy-matter cross power spectrum,
we adopt the HOD model framework. The cross power spec-
trum is given by the sum of the following one- and two-halo
terms
Pgm(k, z) = P1hcm(k, z) + P
1h
sm(k, z) + P
2h
cm(k, z) + P
2h
sm(k, z) . (16)
Each of the above terms can be calculated using Eqs. (7)-(8),
where ‘x’ is ‘m’ (for matter) and ‘y’ is either ‘c’ (for central)
or ‘s’ (for satellite). For the matter component, we define
Hm(k,M, z) = M
ρ¯m(z)
u˜h(k|M, z) , (17)
where u˜h(k|M, z) is the Fourier transform of the normalized
density distribution of matter within a halo of mass M, and
ρ¯m(z) denotes the average comoving density of the Universe
at redshift z. The galaxy-matter correlation function can be
obtained by an inverse Fourier transform of the galaxy-matter
power spectrum.
The lensing signal is sensitive to the total matter content of
galaxies including both the dark matter and the baryonic com-
ponents. Therefore, we will also consider the matter compo-
nent in the lens galaxy, which includes stars and gas7. At dis-
tances close to the lensing galaxy, these terms could dominate
the lensing signal. We assume that the effect of the matter
component in the lens galaxy can be considered as a point
mass contribution located at the position of the lens galaxy,
∆Σ∗(rp) =
M˜∗
pir2p
, (18)
where M˜∗ is in units of h−1M and the projected radius rp is
in units of h−1 pc. The stellar population synthesis models
(hereafter SPS) infer the stellar mass, M∗ based upon the lu-
minosity and mass-to-light ratio of stars. These masses there-
fore have the units of h−2M, and this stellar mass is related to
7 The gas fractions around high stellar mass galaxies are expected to be
small, so we assume all the baryonic mass is in stars.
6 More et al.
the baryonic lensing mass by M˜∗ = M∗/h. Our models adopt
the parameter M∗ to allow a comparison of this mass with the
stellar mass measurements from the SPS models.
In addition to the HOD parameters, our analytical pre-
dictions also depend upon the cosmological parameters, via
the halo mass function, the halo bias function, and the cos-
mology dependence of the concentration-mass relation (van
den Bosch et al. 2013). There are a number of simulation-
calibrated ingredients required to use the analytical expres-
sions in this section. For the sake of completeness and repro-
ducibility, we list each of them below. We assume the halo
masses to be 200 times overdense with respect to the back-
ground matter density. We use the halo mass function cali-
bration of Tinker et al. (2008) and large scale bias calibration
of Tinker et al. (2010) for this particular definition. The radial
dependence of halo bias was calibrated by Tinker et al. (2005)
for friends-of-friends halos. We use an appropriate modifica-
tion to take into account the spherical overdensity definition
of halos and the effects of halo exclusion (see van den Bosch
et al. 2013) which allows us to calculate Q(k|M1,M2, z). We
use a nuisance parameter ψ to marginalize over the uncertain
description of radial dependence of halo bias. This parame-
ter governs the behaviour of the prediction in the transition
regime between one- and two-halo terms (see van den Bosch
et al. 2013, for details). The concentration of dark matter ha-
los is assumed to follow the concentration-mass relation cali-
bration presented by Maccio` et al. (2008). We allow for a nor-
malization parameter Rc which characterizes deviations from
this fiducial relation and assign it a prior of 1.00 ± 0.20. We
also assume that the number density profile of satellite galax-
ies will share the same concentration as that of the dark mat-
ter distribution. We have checked that increasing the width
of the prior on the Rc to 0.30, or allowing the concentration
parameter for satellite galaxy distribution to differ from the
dark matter distribution does not significantly affect our re-
sults. In addition, we also allow for a 2.5 percent uncertainty
in the modeling of the projected clustering signal (the overall
amplitude) to account for the inaccuracies of the model. We
do not explicitly include a corresponding systematic uncer-
tainty in the lensing calibration, since the statistical errors on
that measurement are already sufficiently large that they are
the dominant source of error, compared to the statistical error
on the systematic shear calibration correction (Miller et al.
2013).
3.2. Cosmological parameter dependence of the
measurements
The abundance, clustering and the lensing measurements
depend upon the fiducial cosmological model, Cfid, that we
have assumed to convert the angular and redshift differences
in the positions of galaxies to their comoving separation. We
follow More (2013), in order to account for this dependence.
For a given cosmological model C, we multiply the predicted
abundance of galaxies n¯g(C) in the redshift bin [z2, z1] by the
ratio of the comoving volumes
n¯′g = n¯g(C)
χ3(z2,C) − χ3(z1,C)
χ3(z2,Cfid) − χ3(z1,Cfid) (19)
in order to compare it to abundance measured assuming Cfid.
Here, χ(z) denotes the comoving distance to redshift z. For
the clustering and the lensing signals, we first calculate wp
and ∆Σ at comoving separations r′p, which are related to the
projected comoving separation rfidp at which the measurements
were performed by
r′p = r
fid
p
[
χ(z¯,C)
χ(z¯,Cfid)
]
(20)
where χfid and χ denote the comoving distance to the median
redshift z¯ in C f id and C, respectively. This calculation ac-
counts for the difference in the conversion of angular differ-
ences between galaxies to comoving separations. We need to
further change the amplitude of the predictions of both wp and
∆Σ, such that
w˜p(rp) = wp(r′p)
[
E(z¯)
Efid(z¯)
]
(21)
∆˜Σ(rp) = ∆Σ(r′p)
Σcrit(z¯, zs)
Σfidcrit(z¯, zs)
 , (22)
where the former equation accounts for the cosmology depen-
dence of the conversion from redshift difference to comoving
line-of-sight distances, while the latter corrects for the cos-
mology dependence of Σcrit, which is used to calculate the
lensing signal from the measured ellipticities. We use a fixed
source redshift to calculate Σcrit(z¯, zs) due to its weak depen-
dence on the choice of the source redshift. We compare these
modified predictions with the measurements. The validity of
this procedure to capture the cosmological dependence of the
measurements procedure was verified in More (2013).
3.3. Summary of model parameters
The analytical model we use to describe the measure-
ments has 17 parameters. The first set of 5 parameters,
Mmin, σ2,Msat, α, κ, describes the halo occupation distribution
of galaxies. The parameter M∗,11 describes the average stel-
lar mass of galaxies in units of h−2M, while Rc is the nor-
malization of the concentration mass relation with respect to
the one obtained from simulations. We have 5 nuisance pa-
rameters: ψ, poff ,Roff , αinc,Minc. Finally there are 5 cosmo-
logical parameters: Ωm, σ8,Ωbh2, ns and h. We let Ωm and
σ8 be completely free but use priors on the latter three cos-
mological parameters from the joint likelihood of the cosmic
microwave background analysis of the WMAP 9-year data
and the high resolution CMB measurements from the South
Pole Telescope (SPT) and the Atacama Cosmology Telescope
(ACT) obtained by Hinshaw et al. (2013). We will denote this
combination of cosmological priors as WMAP9 E. Our sam-
ples A and B have 27 measurements of wp, 14 measurements
of ∆Σ and one of the abundance for the subsample each, used
for the analysis. We have 17 total model parameters, with
priors on the 3 cosmological parameters (Ωbh2, ns, h) and on
the 3 parameters α,Rc, ψ. Therefore, the total number of de-
grees of freedom are 27+14+1−17+6 = 31. The number of
degrees of freedom are 30 for subsample C which does not in-
clude the innermost bin in the lensing measurement. We per-
form a Bayesian inference of cosmological parameters given
the measurements using a Markov chain Monte Carlo (here-
after MCMC) analysis. In particular, we use the affine invari-
ant sampler of Goodman & Weare (2010) as implemented by
the software emcee to navigate the parameter space (Foreman-
Mackey et al. 2013).
4. RESULTS
We now present the results of our HOD analysis and the
different systematic tests we have performed. The 68 percent
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Figure 3. The 68 and 95 percent confidence intervals of the fits to the clustering measurements (left panels) and the lensing measurements (right panels) obtained
from the HOD modeling exercise for subsamples A, B and C are shown in the top, middle and bottom rows, respectively. The intervals are obtained by projecting
uncertainties in all the model parameters around the best-fit model. The reduced χ2 for the best fit models in the three cases are 0.8, 1.3 and 1.5 for 31, 31 and 30
degrees of freedom, respectively (see text for details). The 68 and 95 percent upper limits on the stellar mass of galaxies are also shown in the right hand panels.
confidence intervals on each of our parameters from the anal-
ysis of the abundance, clustering and the lensing signal of the
three stellar mass subsamples we use are listed in Table 1.
The top left- and right-hand panels of Figure 3 show the pro-
jected clustering data and the lensing data with errorbars for
the fiducial subsample of galaxies, while the middle and bot-
tom panels display the corresponding results for subsamples
B and C, respectively. The dark and light colored shaded re-
gions denote the 68 and 95 percent confidence intervals ob-
tained from the MCMCs, respectively, marginalizing over all
of the model parameters. The overall shape of the cluster-
ing and lensing signals is reproduced well by the model. The
clustering and lensing predictions are able to successfully re-
produce the increasing strength with stellar mass thresholds,
as in the observations. The model is also able to reproduce the
shape of the weak lensing signal and the observed transition
between the one- and two-halo regimes. There is a hint that
the model has some difficulty reproducing the high amplitude
of the clustering on large scales for the higher stellar mass
threshold samples. However, note that the large scales have
significant covariance. The reduced χ2 for the best fit models
for the fiducial subsample is 0.8, while those of the subsam-
ples B and C are 1.3 and 1.5, respectively. The probabilities to
exceed the χ2 values by chance given the number of degrees
of freedom are equal to 76%, 10% and 4%, respectively.
The right hand panels of Figure 3 present the 68 and 95 per-
cent upper limits on the average stellar mass of the galaxies in
each subsample using dashed and dotted lines, respectively.
The 68 percent confidence limits from the weak lensing mod-
eling are 〈M∗〉 < 3×1011h−2M, 〈M∗〉 < 7.4×1011h−2M and
log〈M∗〉 < 8.1 × 1011h−2M for the progressively larger stel-
lar mass subsamples, respectively. These limits on the average
stellar masses from weak lensing have been marginalized over
uncertainties in the cosmological model. We compare our re-
sults with the estimates of stellar masses for our subsample of
galaxies from stellar population synthesis models with a vari-
8 More et al.
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Figure 4. The 68 and 95 percent confidence intervals of the halo occupation distribution of CMASS galaxies in samples A, B and C obtained from our modeling
exercise are shown in the three different panels, respectively. The HOD constraints displayed here are marginalized over the uncertainty in the cosmological
parameters. Subsamples A, B and C occupy progressively more massive halos. The results for subsample A can be contrasted with results from White et al.
(2011) who constrain the HOD using the clustering of an early data release of CMASS galaxies (shown as solid blue line in left hand panel). The halo occupation
distribution for sample C is consistent with the HOD obtained by Reid & Spergel (2009, shown as green solid line in the right hand panel), based on a counts-in-
cylinder analysis of the LRG sample of galaxies. The green dashed line in the right hand panel shows the result of a simple attempt to correct for the differences
in the mean redshift of LRGs and CMASS galaxies by adjusting the masses of LRGs at z = 0.3 to the masses of their progenitors at z = 0.53. The gray shaded
bands in each of the subsample show the constraints on the HOD obtained by Leauthaud et al. (2012) from COSMOS data, employing the same stellar mass cuts
in the galaxy selection. The similarity of our HOD constraints, especially for the higher stellar mass threshold samples, implies that the magnitude of potential
incompleteness effects in our analysis decrease with increasing stellar mass threshold.
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Figure 5. The 68 percent confidence limits on the scale-dependence of bias (left panel) and the cross-correlation coefficient (right panel) of our subsamples A,
B and C are enclosed by the magenta, blue and yellow lines, respectively. The bias tends to a constant value on large scales, and the cross-correlation coefficient
shows small but significant deviations from unity at small scales.
ety of different assumptions and codes in Table 2. The limits
could be improved in the near future if the weak lensing sig-
nal can be measured to even smaller scales (Kobayashi et al.,
submitted). We expect such measurements to potentially con-
strain stellar population synthesis models.
The constraints on the halo occupation distribution for the
three samples are shown in Figure 4. As expected, the HOD
shifts to higher halo masses for subsamples B and C. The
scatter in halo masses increases significantly for the highest
threshold sample. A constant scatter in stellar masses at fixed
halo mass translates into an increasing scatter in halo masses
at fixed stellar mass due to the shallow power law index of
the stellar mass halo mass relation at the massive end (see
e.g., More et al. 2009a). We compare our HOD constraints
to those obtained by White et al. (2011) for the full sample of
CMASS galaxies in the left hand panel of Figure 4. Compared
to their sample, our fiducial subsample of galaxies resides in
slightly larger halo masses owing to our subsample selection
which removes low stellar mass galaxies. Next we compare
the HOD of our subsample C to that of luminous red galax-
ies (LRGs) from SDSS-I/II at z ∼ 0.3. These two samples
have comparable number densities. In the right hand panel,
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Figure 6. The degeneracies between different parameters constrained by our modeling of the clustering and lensing of CMASS galaxies with stellar mass
threshold log M∗ > 11.10. Positive correlations in the posterior are displayed with white squares and the negative correlations are displayed with black squares.
The size of the squares indicates the strength of correlation.
we compare the HOD constraints with those obtained by Reid
& Spergel (2009) for luminous red galaxies shown with solid
line. The comparison demonstrates the similarity in the HOD
of the two samples. For reference, we also show the HOD of
LRGs shifted to adjust for the difference in the mass of the ha-
los owing to the difference in the average redshift of the LRG
sample (z ∼ 0.3) and that of our subsample (z ∼ 0.53). This
particular HOD should hold if all LRGs have both maintained
their identities (central or satellite) inside their respective ha-
los and if none of these halos merged with each other in the
redshift interval z ∈ [0.35, 0.57].
We also compare our HOD constraints with results obtained
by Leauthaud et al. (2012) with a similar analysis of the abun-
dance, clustering and lensing signal but with data from the
COSMOS survey. The gray shaded regions in each of the
panels of Figure 4 show the 68 and 95 percent confidence in-
tervals obtained using the parameter constraints from Leau-
thaud et al. (2012), for the same stellar mass cut as our selec-
tion in each panel 8. The COSMOS sample covers a much
8 We thank A. Leauthaud for providing us with samples from the poste-
rior distribution of their parameters. We have also cross-compared the stellar
masses of CMASS galaxies in our catalogs with those from the COSMOS
catalog and find no significant systematic biases between the stellar mass de-
terminations (apart from a scatter of ∼0.1 dex).
smaller area on the sky but is expected to be more stellar
mass complete compared to the CMASS sample, which has
color cuts designed to select the luminous red galaxy popula-
tion. The comparison shows that the galaxies in the fiducial
subsample on average reside in slightly larger halo masses
than the results from COSMOS. This result is consistent with
the expectation that massive redder galaxies reside in higher
mass halos on average (see e.g., More et al. 2011). The re-
sults for subsamples B and C are, however, consistent with
the results from COSMOS, implying that the incompleteness
in our subsamples becomes smaller for the larger stellar mass
thresholds. As the blue fraction of galaxies decreases steeply
as a function of stellar mass, the CMASS colour selection
no longer biases the sample. Tinker et al. (in preparation)
demonstrate this trend of decreasing incompleteness with in-
creasing stellar mass threshold in the CMASS sample based
on galaxies that did not pass the CMASS colour cuts but were
observed as part of an SDSS-III ancillary program (J. Tinker,
priv. comm.).
The clustering and lensing signals of satellite galaxies are
different from that of central galaxies on small scales. There-
fore it is important to obtain a good estimate on the fraction of
galaxies that are satellites in our subsamples in order to cor-
rectly interpret the measurements. The satellite fraction of our
10 More et al.
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Figure 7. The degeneracies between different cosmological parameters as inferred from the analysis of the clustering and lensing signal from our fiducial
subsample A are shown with shaded contours in the off-diagonal panels. The magenta histograms in the diagonal columns represent the posterior distribution
of each of our cosmological parameters. The blue distributions in the diagonal panels and the blue contour (68 percent confidence) in some of the off-diagonal
panels represent the prior information we adopt on the parameters [Ωbh2, ns, h].
fiducial subsample is 8.3 ± 3.1 percent. This value is consis-
tent with the satellite fraction quoted by White et al. (2011),
10 ± 2 percent, albeit on the lower side. This is not entirely
unexpected as our subsample excludes the low stellar mass
galaxies in the entire CMASS sample that was used by White
et al. (2011). The satellite fraction is expected to decrease as
a function of stellar mass. The satellite fractions in our higher
stellar mass threshold subsamples are 6.8 ± 2.6 and 4.6 ± 2.1,
respectively, consistent with this expectation.
With the large flexibility in our modeling, we obtain very
weak constraints on the off-centering parameters, poff and
Roff . We also do not detect any significant deviation of the
concentration-mass relation from the assumed relation cali-
brated from numerical simulations. We have observed that
when the off-centering parameters are not included, the pos-
terior distribution of Rc shifts to lower values (by about 20
percent). A similar magnitude offset in the concentration-
mass relation was also observed by Mandelbaum et al. (2008)
by analyzing the weak lensing signal (whilst ignoring the
off-centering issue) on a wider range of mass scales, from
MaxBCG clusters (Koester et al. 2007), LRGs, and L∗ lens
(Mandelbaum et al. 2006).
The large-scale effective bias of galaxies (defined as in
Equation 1) of our fiducial subsample of galaxies is con-
strained to be 2.15 ± 0.13. This value is in agreement with
the bias value of 2.05± 0.3 inferred by Comparat et al. (2013)
using the angular clustering and weak lensing of all CMASS
galaxies that were flagged as potential spectroscopic targets in
the CFHT Stripe 82 region9. The galaxy bias systematically
increases to 2.26± 0.17 and 2.54± 0.19, respectively, for sub-
samples with progressively larger stellar mass thresholds. In
the left hand panel of Figure 5, we show the scale dependence
of the bias defined as
b(r) =
[
ξgg(r)
ξmm(r)
]1/2
, (23)
where ξgg and ξmm are the three dimensional galaxy and mat-
ter correlation functions, respectively. The magenta, blue and
yellow lines enclose the 68 percent confidence intervals for
our subsamples A, B and C after marginalizing over all of our
model parameters, respectively. The right hand panel shows
9 The small differences in the best fit bias can be attributed to the different
sample selection.
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Figure 9. The constraints in the Ωm − σ8 plane obtained from the fidu-
cial subsample A, but restricting the projected clustering signal to differ-
ent scales. The magenta contours correspond to our fiducial analysis with
rp > 0.85h−1Mpc, while the yellow contours correspond to rp > 0.5h−1Mpc.
Inclusion of the small scale clustering information does not cause a drastic
improvement in the cosmological constraints.
the cross-correlation coefficient defined as
rccc(r) =
ξgg(r)[
ξmm(r)ξgm(r)
]1/2 , (24)
where ξgm(r) is the three dimensional galaxy-matter cross-
correlation. This is a prediction based on the HOD models al-
lowed by the data. This prediction is consistent with the value
of rccc(r) = 1.16 ± 0.35 measured by Comparat et al. (2013)
averaged on scales of 0.1–2 h−1Mpc. The cross-correlation
coefficient is larger than one on small scales (see e.g., Seljak
2000b), but tends to unity on large scales. This behaviour of
the cross-correlation coefficient on large scales can be used to
obtain the matter correlation function directly from observa-
tions of the galaxy clustering and galaxy-galaxy lensing on
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Figure 10. The constraints in the Ωm − σ8 plane obtained from the fidu-
cial subsample A, but restricting the galaxy-galaxy lensing signal to small
scales. The magenta contours correspond to our fiducial analysis with
rp < 20.0h−1Mpc, while the yellow contours correspond to rp < 2.6h−1Mpc.
By excluding the large scales, we are less sensitive to the two halo-term in
the lensing signal, which could be affected if the CFHTLS sample is not rep-
resentative of our CMASS subsample.
Table 1
Posterior distribution of parameters from the MCMC analysis
Subsample
Parameter [11.10,12.00] [11.30,12.0] [11.40,12.0]
log Mmin 13.13+0.13−0.13 13.45
+0.15
−0.15 13.68
+0.16
−0.16
σ2 0.22+0.14−0.15 0.45
+0.24
−0.25 0.79
+0.41
−0.39
log M1 14.21+0.11−0.13 14.51
+0.17
−0.15 14.56
+0.27
−0.22
α 1.13+0.38−0.45 1.14
+0.47
−0.51 1.00
+0.45
−0.43
κ 1.25+0.71−0.69 0.85
+0.67
−0.67 1.19
+0.99
−0.96
M∗,11 0.0+3.1 0.0+7.3 0.0+8.1
Rc 0.98+0.19−0.20 1.01+0.20−0.20 1.02+0.21−0.22
ψ 0.93+0.14−0.13 0.93
+0.15
−0.14 0.94
+0.15
−0.14
poff 0.34+0.18−0.18 0.37
+0.24
−0.21 0.36
+0.19
−0.19
Roff 2.2+1.5−1.3 2.3+1.5−1.5 2.4+1.4−1.4
αinc 0.44+0.35−0.34 0.53
+0.25
−0.24 0.57
+0.20
−0.18
log Minc 13.57+0.32−0.30 13.88
+0.33
−0.30 14.08
+0.32
−0.29
Ωm 0.310+0.019−0.020 0.306
+0.021
−0.020 0.304
+0.022
−0.021
σ8 0.785+0.044−0.044 0.839
+0.061
−0.061 0.813
+0.060
−0.059
100Ωbh2 2.228+0.040−0.040 2.226
+0.040
−0.039 2.222
+0.041
−0.041
ns 0.964+0.011−0.011 0.963
+0.011
−0.010 0.961
+0.011
−0.011
h 0.703+0.018−0.018 0.700
+0.017
−0.016 0.695
+0.017
−0.017
The three columns list the 68% confidence intervals on the model param-
eters for the three stellar mass subsamples we use in our analysis. The
parameter M∗ ,11 denotes the stellar mass in units of 10
11 h−2M and the
68% limit we quote is a one-sided upper limit.
large scales (Seljak 2000b; Guzik & Seljak 2001; Baldauf
et al. 2010; Cacciato et al. 2012; Mandelbaum et al. 2013).
In Figure 6, we present the different degeneracies that are
inherent to our analysis. Large white (black) squares indi-
cate positive (negative) correlations in the inferred param-
eters. The scatter in halo masses, σ2, is tightly correlated
with the mass scale, Mmin, above which halos host one central
galaxy. This degeneracy is expected due to the dependence
of each of the observables on these two parameters. Increas-
ing Mmin results in increasing the mean halo mass of galaxies
12 More et al.
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Figure 11. The 68 and 95 percent confidence constraints on the matter density parameter, Ωm and the fluctuation amplitude parameter, σ8 obtained from the
analysis of the clustering and lensing measurements of our fiducial sample are shown using magenta contours. These can be compared with results from other
cosmological probes such as the analyses of the cosmic microwave background carried out by the WMAP team (green shaded regions, denoted as WMAP9E), the
Planck team (chrome yellow shaded regions with dotted contours; Planck CMB) and a reanalysis of Planck data by Spergel et al. (2013, light blue shaded regions;
Planck Hybrid clean), the SZ cluster abundances (brown shaded regions; Planck SZ clusters) and the thermal SZ power spectrum (gray shaded regions; Planck
Thermal SZ) carried out by the Planck team, the joint analysis of clustering and lensing of the SDSS main galaxy sample (dark blue; SDSSCLF+WMAP7)
by Cacciato et al. (2013a), and that of the LRG sample (yellow; LRG clustering+lensing) by (Mandelbaum et al. 2013), the joint analysis of redshift space
distortions , BAOs and the Alcock Paczynski test using CMASS galaxies (red shaded regions; CMASS:DV+AP+ fσ8+Planck rs) by (Beutler et al. 2013) and
the tomographic weak lensing signal (violet shaded regions; CFHTLens shear) by (Heymans et al. 2013). The figure shows that our results are consistent,
complementary and competitive with constraints from different cosmological probes.
(and also the galaxy bias relevant for the large scale cluster-
ing). However, one can compensate for this increase by in-
creasing the scatter, and thereby including more lower mass
halos. The off-centering parameters are degenerate with each
other and show weak degeneracies with the satellite galaxy
parameters and the incompleteness parameters. In the case of
a large off-centering fraction, we expect the central signal to
mimic the satellite signal which can explain the degeneracies
we observe. The cosmological parameters, Ωm and σ8 are de-
generate with each other (see Section 3), and show degenera-
cies with the other cosmological parameters, which we will
discuss shortly. However, more importantly, Ωm and σ8 show
only weak degeneracies with other HOD parameters. This
separation of degeneracies between the cosmological param-
eters and the HOD parameters is a useful feature of the joint
analyses of the clustering and lensing of galaxies (More et al.
2013).
We show the posterior distributions of our cosmological
constraints as histograms in the diagonal panels of Figure 7
for our fiducial subsample. The shaded regions highlight the
degeneracies between the cosmological parameters. The dis-
tributions shown by the blue solid lines denote the priors that
we have assumed on the auxiliary cosmological parameters
Ωbh2, ns and h based on the analysis of WMAP9+SPT+ACT
(Hinshaw et al. 2013). There is no significant improvement
on these parameters with the addition of our data, neither does
our data shift the posteriors of these parameters away from the
priors (cf. Cacciato et al. 2013a). We also observe the degen-
eracy in the constraints on Ωm andσ8 that we anticipated from
our theoretical considerations: a larger value of Ωm prefers a
model with smaller value of σ8 as implied from Figure 1.
The cosmological constraints on Ωm and σ8 obtained from
the three stellar mass subsamples analysed in this paper are
depicted in Figure 8 with magenta, blue and yellow contours,
respectively. The constraints from our higher threshold sub-
samples, which are expected to be more complete, are consis-
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Figure 12. Blue dots denote fσ8(z) constraints calculated from our measurement and other joint analyses of clustering and lensing measurements. Black
triangles denote fσ8(z) constraints based on various RSD measurements. Some of the RSD CMASS measurements are shifted along the redshift-axis for clarity
(+0.01 for references 6 and 8 and +0.02 for reference 9). Error bars show 68 percent confidence level. Green (Yellow) shaded region shows fσ8 predictions with
68 percent confidence intervals based on the WMAP9 (Planck) CMB measurement. Our result is the highest redshift cosmological analysis using a joint analysis
of the clustering and lensing signal of galaxies.
Table 2
Population synthesis models average stellar masses
Subsample A Subsample B Subsample C
Model 〈M∗〉 (1011 h−2M) 〈M∗〉 (1011 h−2M) 〈M∗〉 (1011 h−2M)
Portsmouth Passive Kroupa 1.14 1.51 1.79
Portsmouth Star-forming Kroupa 0.97 1.28 1.53
Portsmouth Passive Salpeter 1.95 2.55 2.96
Portsmouth Star-forming Salpeter 1.51 1.99 2.38
Granada Early-forming dust Kroupa 3.07 3.72 4.18
Granada Late-forming dust Kroupa 2.59 3.11 3.46
Granada Early-forming nodust Kroupa 2.58 3.13 3.53
Granada Late-forming nodust Kroupa 2.19 2.62 2.95
Granada Early-forming dust Salpeter 5.09 6.18 6.93
Granada Late-forming dust Salpeter 4.33 5.19 5.79
Granada Early-forming nodust Salpeter 4.33 5.25 5.93
Granada Late-forming nodust Salpeter 3.67 4.41 4.96
Our model < 3.0 (68%) < 7.4 (68%) < 8.1 (68%)
The average stellar mass estimate for the subsamples of galaxies used to measure the clustering and lensing of galaxies in the present study from
different SPS models. The sample was defined using the first of these models, and the same sample was used to estimate the average stellar mass in
all cases. For comparison, our 68% model constraints are listed in the bottom two rows for the fiducial and the off-centering model, respectively.
tent with the fiducial subsample10. Thus, although the fidu-
cial subsample may have been incomplete, this incomplete-
ness does not cause significant biases in the cosmological con-
straints, compared to the current statistical precision. Given
that the HOD for each of the subsamples differs significantly
from each other, this agreement is non-trivial.
10 A quantitative measure of the consistency would require an analysis of
the clustering and lensing measurements of all subsamples together includ-
ing the correlation between the subsamples. This investigation is beyond the
scope of this work. The large overlap in the 68 and 95 percent confidence
levels suggests there exists cosmological parameter space which can simulta-
neously explain the measurements in each of the subsample.
In our analysis, we have analysed the measurements of clus-
tering to rp > 0.85 h−1Mpc. We tested for additional system-
atics by extending our measurements to even smaller scales
rp > 0.5 h−1Mpc, but restrict ourselves above the fiber col-
lision scale at the highest redshift of our subsamples. The
small-scale clustering signal is sensitive to the satellite frac-
tion, and thus our constraints are expected to marginally im-
prove. The 68 and 95 percent confidence levels on Ωm − σ8
for such an analysis of our fiducial subsample are compared to
those obtained when analyzing the larger scale measurements
in Figure 9. This test also does not reveal any significant bi-
ases.
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The overlap between the CFHTLS region and the BOSS
region consists of only about 105 deg2. Therefore, sample
variance for the lensing signal is a legitimate concern for our
lensing analysis. The CFHTLS region consists of four dif-
ferent fields which are well separated from one another. The
effect of super-survey modes that can affect the measurement
is smaller in this case than when the survey area is contigu-
ous (Takada & Hu 2013). Regardless, if the CFHTLS region
happens to represent a relatively under or over-dense part of
the Universe, then there are a number of ways in which our
analysis could be affected.
First, the number density of galaxies in the particular patch
could be affected. This change has a relatively minor effect
on the lensing signal, since the signal is normalized by the
total number of galaxies (see the factors Hx in Equations 7-
8). Second, the concentration of halos can depend upon the
environment (see e.g., Maccio` et al. 2007), so the halos of
the lensing galaxies could have density profiles which devi-
ate from their expected median. In this case, the nuisance
parameter, Rc, that we adopt should be able to marginalize
over this uncertainty. The third possibility is that the two-
halo term of the lensing contribution is affected in these re-
gions (see e.g., Gao & White 2007). To explore the impact
of this possibility, we removed all lensing information from
scales above 2.6h−1Mpc for our fiducial subsample where the
two-halo term is expected to be dominant. The resulting cos-
mological constraints and their comparison with our fiducial
analysis is shown in Figure 10. As expected, the errorbars are
larger when we restrict our analysis to small scales. Although
there is a slight tendency toward larger Ωm and σ8 values,
both the 68 and the 95 percent confidence levels overlap to
a large extent. Finally for completeness, we mention that it
could be possible that galaxy formation is heavily dependent
on the local cosmological parameters, and this could affect
our analysis. However, a proper study of this issue is beyond
the scope of this paper. All of these effects can be remedied
by surveying larger portions of the sky.
In our analysis, we have ignored the cross-covariance be-
tween the clustering and the weak lensing signal. Our weak
lensing analysis is restricted to the small overlap area between
the CFHTLS and BOSS survey, which justifies our assump-
tion of setting the cross-covariance of the signals to zero.
In addition, the presence of shape noise tends to reduce the
cross-covariance between the clustering and the lensing sig-
nal. Nevertheless, we have repeated our entire analysis with
the clustering signal obtained by excluding galaxies in the
CFHTLS regions. We confirm that none of our results are
affected by the ignorance of the cross-covariance between the
clustering and lensing signals.
In Figure 11, we compare the cosmological constraints
on Ωm and σ8 from our fiducial subsample with the re-
sults obtained by a variety of other complementary methods.
The 68 and 95 percent confidence intervals obtained by the
CMB temperature fluctuation power spectrum measurements
of WMAP9 (Hinshaw et al. 2013) in combination with the
high-multipole measurements of the same from SPT (Keisler
et al. 2011) and ACT (Das et al. 2011) are shown as green
shaded regions and denoted as WMAP9 E. The chrome yel-
low shaded regions show the confidence intervals obtained by
the Planck collaboration using the temperature power spec-
trum measurements (Planck Collaboration et al. 2013b). The
gray bands correspond to the 68 and 95 percent confidence
constraints obtained by Planck (Planck Collaboration et al.
2013e) but using the thermal Sunyaev-Zel’dovich (SZ) power
spectrum measurements (Sunyaev & Zeldovich 1972, for the
SZ effect), while the brown shaded regions denote the con-
straints obtained from Planck SZ cluster abundances (Planck
Collaboration et al. 2013d). The confidence contours obtained
by performing a joint analysis of the abundance, clustering
and lensing signals of the SDSS main sample of galaxies car-
ried out by Cacciato et al. (2013a) are shown using dark blue
contours, while the constraints obtained by Mandelbaum et al.
(2013), using a joint analysis of clustering and lensing but fo-
cusing on large scales, are shown as yellow contours. The
dark purple shaded regions correspond to the analysis of the
tomographic weak lensing signal from CFHTLenS by Hey-
mans et al. (2013). The red shaded confidence regions are
the results of Beutler et al. (2013), obtained by combining
the baryon acoustic oscillation measurements (assuming the
Planck value for the sound horizon)11, the redshift space dis-
tortions and the Alcock-Paczynski test (Alcock & Paczynski
1979) from the CMASS galaxy sample.
The two results from the cosmic microwave background
(WMAP9 E and Planck) are in agreement, although there is
a noticeable difference in the central values obtained from the
analysis by the two teams. The WMAP9 E analysis prefers a
lower value for both Ωm and σ8 compared to the Planck anal-
ysis. Our confidence regions overlap with both WMAP9 E
and Planck, and roughly lie in an orthogonal direction. This
results demonstrates that our constraints are complementary
to those obtained from the CMB analyses.
The measurements from the thermal SZ power spectrum
and the SZ cluster abundances from Planck are also consistent
with each other and with the WMAP9 E and Planck CMB
analysis. However, at the central value of Ωm preferred by
Planck, both these analyses prefer a much lower value of σ8.
The same tendency for the preference of a lower value of σ8
at the central value of Ωm preferred by Planck is also seen
in our results as well as those from the SDSS conditional lu-
minosity function (CLF) analysis of Cacciato et al. (2013a),
LRG clustering and weak lensing analysis of Mandelbaum
et al. (2013), the CFHTLenS tomographic weak lensing anal-
ysis of Heymans et al. (2013) and the redshift space distortion
(RSD) measurements of Beutler et al. (2013). However, there
is a common region of overlap between the different analyses:
this common region suggests slightly smaller (larger) values
of both Ωm and σ8 compared to Planck (WMAP9 E) CMB
constraints. Interestingly, the results from a reanalysis of the
Planck data using a different foreground cleaning procedure
performed by Spergel et al. (2013, shown using light blue
shaded regions) also results in constraints in the same over-
lapping region. The more recent BAO analyses also hint to-
wards an intermediate value for Ωm in between WMAP9 and
Planck (Anderson et al. 2014). Our results are also consis-
tent with constraints from the cross-correlation of the thermal
Sunyaev Ze´ldovich signal from Planck with the gravitational
lensing potential (Hill & Spergel 2014) and with the X-ray
cluster map from ROSAT (Hajian et al. 2013), both of these
analyses also prefer intermediate values of the parameters Ωm
and σ8.
In Figure 12, we present constraints on fσ8(z), where
f = −d lnD(z)/d ln(1 + z) is the logarithmic growth rate and
σ8(z) = σ8 D(z)/D(0) is the linear matter fluctuation at red-
shift z, that are calculated from our measurement and other
joint analyses of clustering and lensing measurements (Cac-
11 The contours shift to the right by ∼ 2 − σ if the value of the sound
horizon from WMAP9 is assumed.
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ciato et al. 2013a; Mandelbaum et al. 2013). We also show the
confidence regions for a ΛCDM model assuming cosmologi-
cal parameters from WMAP9 E and Planck using green and
chrome yellow shaded bands. Our measurement is at the high-
est redshift among the clustering and lensing joint analyses
and is consistent with these measurements and the WMAP9 E
and Planck predictions. For comparison, we have also com-
piled various RSD measurements (Percival et al. 2004; Blake
et al. 2011b; Samushia et al. 2012; Beutler et al. 2012; Chuang
et al. 2013; de la Torre et al. 2013; Chuang & Wang 2013;
Beutler et al. 2013; Samushia et al. 2014; Reid et al. 2014).
Our measurement is also largely consistent with the RSD
measurements.
In our modeling exercise we have assumed that the halo
mass of a galaxy has the dominant effect in determining its
properties. Our halo occupation distribution formalism as-
sumes that the halos of a given mass which host the galax-
ies from our subsamples are a random subsample of halos of
that particular mass. It assumes that the presence or absence
of a galaxy is not determined by the assembly history of the
halo. The extent to which this assumption holds is, however,
unclear. It is important to note that our parent galaxy sam-
ple is designed to select galaxies based on colour. Recently,
subhalo abundance matching methods have been extended to
assign both stellar mass and colours to galaxies in mock cat-
alogs (Hearin & Watson 2013). Their methods are based on
the simple idea that properties of galaxies such as their colour
or star formation rate may depend on the formation age of
the halo defined in a suitable manner. These models have
been successfully employed to qualitatively match the colour-
dependent clustering of galaxies and the galaxy-galaxy lens-
ing signal (Hearin et al. 2013). Such mock galaxy catalogs by
construction have assembly bias. In such cases, halo age in
addition to the mass decides the colour of galaxies.
If such models reflect the true nature of galaxy formation
in the Universe, then the selection applied to determine our
parent galaxy sample (CMASS selection) may identify galax-
ies at a given fixed halo mass that preferentially live in ha-
los which formed earlier (see e.g., Zentner et al. 2013, for
a discussion of the effect in the SDSS main galaxy sam-
ple). It is well known that the clustering of halos at fixed
halo mass depends upon the formation age of the halo: ha-
los that form earlier cluster more strongly than average (Gao
& White 2007), which can be problematic for our inference
of cosmological parameters from the halo mass-bias relation.
However, it is also known that the difference in the forma-
tion time-dependent clustering of halos is less pronounced at
the high mass end. For halos that form from the initial peaks
with height ν > 1.8, the formation age dependence is negli-
gible. The fiducial subsample used in our analysis has a bias
b = 2.15 ± 0.13, which corresponds to peak heights ν ∼ 2.0.
The high value of peak height limits the impact that assembly
bias can have on our results. Nevertheless, a more thorough
study of how assembly bias properties other than the forma-
tion history, e.g. the spin of halos, their concentrations, etc.
can affect our results is warranted.
In addition, the theoretical foundation of our results are the
calibrations of the matter density distributions from collision-
less numerical simulations. Baryonic processes such as radi-
ation pressure feedback, feedback from supernovae and ac-
tive galactic nuclei, which are implemented in large volume
hydrodynamical simulations, can have a significant effect on
the matter power spectrum, the halo mass function and the
halo bias functions (Gnedin et al. 2004; Rudd et al. 2008; Cui
et al. 2012; Velliscig et al. 2014; van Daalen et al. 2014; Vo-
gelsberger et al. 2014). These consequences are a result of
the redistribution of matter in and around halos due to the
baryonic feedback effects. The magnitude of the difference is
however very dependent on the details of the feedback mech-
anisms implemented. Our inclusion of the weak prior on the
amplitude of the concentration-mass relation (instead of com-
plete reliance on the simulation calibrated normalization) can
partially account for a variation in the matter density within
halos that could be a result of baryonic effects (see e.g., Zent-
ner et al. 2013). Nevertheless, the impact of baryonic effects
is certain to remain a subject of active research in the near
future.
5. SUMMARY AND FUTURE OUTLOOK
Galaxies are biased tracers of the matter density distribu-
tion. Galaxy bias is often treated as a nuisance parameter to
be marginalized over in order to use the two-point functions
of galaxies to derive cosmological parameters. The origin of
galaxy bias is, however, in the special positions that galaxies
occupy in the matter density field. Galaxies form within ha-
los which are located at the peaks of the density distribution.
They share the bias of the halos in which they reside. The de-
pendence of halo bias on mass is governed by cosmological
parameters. Therefore, measurements of the clustering am-
plitude of galaxies, in combination with the halo masses of
galaxies, can turn the nuisance of galaxy bias into a powerful
probe of cosmological parameters. In this paper, we utilized
such measurements in order to constrain the halo occupation
distribution of galaxies as well as the cosmological parame-
ters Ωm and σ8.
For this purpose, we used spectroscopic galaxies from the
SDSS-III BOSS project which span an area of about 8500
deg2 in the sky. From this parent sample, we constructed
a subsample of galaxies so that it obeyed stellar mass lim-
its (log M∗/h−270 M ∈ [11.10, 12.0]) and was approximately
complete within the redshift range z ∈ [0.47, 0.59], with an
approximately constant abundance. This subsample of galax-
ies was used to measure the projected galaxy clustering signal
with a signal-to-noise ratio of 56 for scales 0.85 h−1Mpc <
rp < 80.0 h−1Mpc. We made use of the publicly available
galaxy shape and photometric redshift catalogs compiled by
the CFHTLenS collaboration based on deeper, higher qual-
ity imaging data from the CFHTLS. This imaging catalog
had an overlap of a mere 105 deg2 with the BOSS footprint,
but it allowed measurement of the weak gravitational lens-
ing signal of BOSS galaxies with a signal-to-noise ratio of
26 for scales 0.1 h−1Mpc < rp < 20.0 h−1Mpc. To test
for systematics arising from our sample selection we also
measured the clustering and lensing signals for two other
subsamples within the same redshift range, but with larger
thresholds in stellar mass log M∗/h−270 M ∈ [11.30, 12.0] and
log M∗/h−270 M ∈ [11.40, 12.0], respectively.
We analyzed these measurements in the framework of the
halo model. Our halo model uses a number of ingredients for
which the cosmological dependence has been calibrated using
numerical simulations, e.g., the halo mass function, the halo
bias function, the density profile of halos, the radial depen-
dence of the halo bias. We also utilize well-tested prescrip-
tions to implement halo exclusion and correct for residual red-
shift space distortion effects in the projected clustering signal
due to the use of finite line-of-sight integration limit while
projecting the clustering signal. In addition, we also allow
16 More et al.
for a baryonic component at the center of halos, use parame-
ters to describe the potential incompleteness in the sample, as
well as parameters which allow a fraction of central galaxies
to be offset from the true center of the halo. We performed an
MCMC analysis to obtain the posterior distributions of all our
model parameters of interest given our measurements and af-
ter marginalizing over all of the nuisance parameters. Our an-
alytical model consists of 17 parameters in total, 5 describing
the halo occupation distribution of galaxies, 1 for the stellar
mass contribution, 1 for the concentration-mass relation nor-
malization, 5 nuisance parameters, the cosmological parame-
ters, Ωbh2, ns, h with WMAP9+SPT+ACT priors, and Ωm and
σ8 were left completely free.
Our model is successful in reproducing the abundance, the
projected clustering and the galaxy-galaxy lensing signal in
our fiducial subsample as well as the larger threshold stellar
mass subsamples. We obtained constraints on the halo occu-
pation distribution parameters of galaxies in each of our sub-
samples and the cosmological parameters Ωm and σ8. We
compared the HOD constraints from our analysis with those
obtained by Leauthaud et al. (2012) and found that our fidu-
cial subsample may be biased towards high mass halos at
the stellar mass threshold of our subsample. However, this
bias declines substantially for the larger threshold subsam-
ples. Nevertheless, the cosmological constraints from the
analysis of each of the subsamples are in agreement with each
other, and reveal no significant biases in the cosmological pa-
rameter estimates given the current errors.
The cosmological constraints from the analysis of our fidu-
cial subsample yield Ωm = 0.310+0.019−0.020 and σ8 = 0.785 ±
0.044. This is in excellent agreement with constraints ob-
tained by a number of different studies, including CMB
temperature fluctuation power spectrum measurements from
WMAP9+SPT+ACT, Planck, and other independent con-
straints from SZ cluster abundances, SZ thermal power spec-
trum measurements, cosmic shear measurements and baryon
acoustic oscillation measurements combined with redshift
space distortions and the Alcock Paczynski test. Furthermore,
our results are also consistent with those obtained by a joint
analysis of the clustering and lensing of galaxies of the SDSS
main sample of galaxies and those of LRGs.
Our analysis extends the redshift at which cosmological
constraints have been obtained using a joint clustering and
lensing analysis to z = 0.53. In the near future, the Sub-
aru Hyper Suprime-Cam survey, which began in the spring of
2014, is expected to provide deeper and better quality imaging
in the SDSS-III BOSS footprint, extending the overlap region
by more than an order of magnitude to an unprecedented 1400
deg2. This will allow a more detailed study of the galaxy-dark
matter connection of the BOSS galaxies, and allow division of
the sample into finer redshift and stellar mass bins. Analyses
such as these with a larger redshift lever arm have the po-
tential to provide complementary and competitive constraints
on cosmological models with an extended parameter set such
as those with an evolving dark energy equation of state (e.g.,
Oguri & Takada 2011).
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